Abstract. We investigate photoluminescence (PL) spectra and dynamics of clean silicon photonic crystal nanocavities at 10 K. A sharp emission peak due to the nanocavity mode has the largest intensity when the energy of the nanocavity mode is equal to the emission energy of the electron-hole droplets (EHD). Time-resolved PL spectroscopy indicates that the PL lifetime of the EHD is reduced to as short as 1.2 ns by the nanocavity mode. A careful analysis of the lifetimes indicates that the radiative recombination rate for EHD is enhanced with a factor of larger than 5 by the Purcell effect.
attention [15, 32, 33] . However, nanostructured materials tend to increase the surface recombination processes of carriers, and electron-holes in EHD will increase the Auger processes owing to the high carrier density [34] .
These phenomena increase the k NR and thus, a large increase in EHD emission, as the situation where k R is greater than k NR , is difficult to achieve. A unique mechanism for increasing k R is desirable for further enhancement.
Two-dimensional photonic crystal (PC) nanocavities have high quality factors (Q) and small modal volumes (V) of almost one cubic wavelength in the material [35] [36] [37] [38] . Their high Q/V values are beneficial for the study of the Purcell effect, which enhances the spontaneous emission rate of the material [39, 40] . There are many reports of enhanced k R due to the Purcell effect for the emission of FE or EHP in nanocavities consisting of III-V compound semiconductors [41] [42] [43] . However, the enhanced k R due to the Purcell effect has not been demonstrated in Si nanocavities, although enhanced emission peaks suggesting the Purcell effect have been reported [44] [45] [46] [47] . Si nanocavities have achieved the highest Q values for PC cavities because of the welldeveloped nanofabrication techniques and the high purity of the substrates [38] . Therefore, the developments of novel emitters are expected for Si nanocavities [48] . From these background, it is very interesting to investigate the Purcell effect for EHD emission in Si nanocavities.
Here, we report on time-resolved PL (TRPL) spectroscopy for clean Si nanocavities at 10 K. The resonant mode energies of the nanocavities are accurately controlled to overlap with the emission energies of FE, EHP, and EHD. In all the samples, we observed sharp emission peaks in the nanocavity mode with a Q-factor of 1500. These peaks were enhanced when the energy of the nanocavity mode overlapped the energy of the EHD emission. A careful analysis using TRPL spectra reveals that the PL lifetime of the EHD is reduced to as short as 1.2 ns in the nanocavity mode. A comparison of the lifetimes for three measurement positions, PC area with a nanocavity, PC area without a nanocavity, and substrate area without a PC, indicates that the k R for EHD is enhanced with a factor of larger than 5 by the Purcell effect.
II. Sample Structure and Experimental Setup
Figure 1(a) shows a schematic of a measured sample. The PC consists of a triangular lattice of circular air holes with radii of 90 nm, and the pattern is formed in a square area of 50×50 μm. An L3 nanocavity, consisting of three missing air holes, with neighboring air holes shifted to the outside of the cavity by 0.15 lattice constants (a) is embedded at the center [36] . The inset shows a scanning electron microscope (SEM)
image of a nanocavity. We utilized a Si-on-insulator (SOI) substrate with a Si slab thickness of 190 nm and a resistivity greater than 13.5 Ωcm (p-type, boron doping). The 3000-nm-thick SiO 2 layer underneath the patterned region was selectively removed by hydrofluoric acid to form an air-bridge structure as shown in Fig.   1 (b). The fabrication process was the same with that for the previous report which reports the nanocavities with Q factors greater than several million [49] . We have so far increased the Q factors of Si nanocavities by reducing the absorption loss [38, 50, 51] . Thus, the measured samples can have a surface with very few contaminations, a low level of impurities, and reduced surface defect states (the surface might be slightly oxidized since the samples were kept in a standard desiccator with relative humidity of 30% for several months). The clean nanocavities result in the decrease of the k NR , which is significant to detect the enhanced k R due to Purcell effect. In order to resonate the wavelength of the nanocavity mode to the energies of Si emission peaks, we fabricated several tens of samples on the same chip with different a ranging from 312 nm to 350 nm in increments of 1nm.
We used a diode laser operating at a wavelength of 405 nm as an excitation source for both time-integrated PL and TRPL measurements. The excitation pulse for TRPL measurement had a duration of 50 ps at a repetition frequency of 1 MHz. The time-integrated PL measurements were performed with continuous-wave excitation. The use of a short wavelength can decrease the excitation light reaching the substrate because of the strong absorption by the top Si layer (α ≅ 10 5 cm -1 at 405 nm [52] ). An objective lens with a numerical aperture of 0.42 in the near-infrared region was used to excite the sample with a spot size of a few μm. The same lens was used to collect the PL signal from the sample. The polarizer was not used in the measurement. The timeintegrated PL spectra were measured using an InGaAs detector mounted on a spectrometer with a focal length of 30 cm and a resolution of 2 meV. To obtain the temporal line shape of the TRPL spectra, we used a streak camera for the near-infrared region (Hamamatsu Photonics) equipped with a spectrometer of 15 cm focal length. The resolution of the detection system was set to be high enough (3 meV) to detect the energy differences between FE, EHP, and EHD. To obtain the TRPL data with sufficient signal-to-noise ratio, the signal was integrated for 30 minutes. We performed the measurements for the three positions denoted in Fig The samples were maintained at 10 K in a cryostat. All TRPL measurements for positions A through C were performed within a day to ensure the same surface condition.
III. Experimental Results

A. Time-integrated PL spectroscopy
Figure 2 (a) shows PL spectra for CW excitation measured at position A for three samples with a = 348 (bottom), 340 (middle), and 332 nm (top). For a = 348 nm, a sharp peak was observed at 1.060 eV, which originates from the 5 th resonant mode in the nanocavity [44] . The peak at 1.100 eV originates from FE coupled with TO phonons [53] . The broad peak at 1.085 eV should be attributed to electron-hole condensations of the EHP or EHD because their energies are typically in this range [25, 26, 33] . For a = 340 nm, the peak due to the 5 th mode appears at 1.085 eV with increased intensity compared to that for the sample with a = 348 nm. Other PL peaks at 1.020 eV, 1.027 eV, and 1.118 eV are attributed to the 3 rd and 4 th resonant modes, and the band edge modes, respectively [44] . At a = 332 nm, the 5 th mode appears at 1.110 eV. The energies of the cavity modes increase with decreasing lattice constants, while the FE peak at 1.100 eV and a broad peak at 1.085 eV are unchanged. The peak energy of the 5 th mode overlaps with the emission energies of electron-hole condensations and FE. The 5 th mode is isolated from the other modes and it has a large collection efficiency through the objective lens [44, 45] . Therefore, the 5 th mode is appropriate for the TRPL measurement to investigate the Purcell effect. Figure 2 (c) shows the electric field distributions E y calculated by the finite difference time domain (FDTD) method. The calculated Q value is ~1500, which should be sufficient for investigating the Purcell effect in Si because the Q factor for the intrinsic linewidth of Si emission is smaller [46, 54] . Figure 3 (a) presents the entire spectra for all the samples with a = 312 to 350 nm. Symbols in Fig. 3(b) show the integrated intensity of the 5 th mode peak as a function of the peak energy where the contributions of the original intensities of FE peak and broad emission peak are subtracted. The emission peak is most enhanced at ~1.085 eV, corresponding to the energy for the electron-hole condensations, not at the FE energy of 1.100 eV.
Furthermore, Fig. 3(b) indicates that the emission is also enhanced at 1.12 eV, which would be the energy for condensation states coupled to TA phonons [33] . The solid curve in Fig. 3 (b) shows a PL spectrum measured at the position C. The main peaks at 1.085 eV and 1.10 eV are the EHD emission and the FE emission for TO phonons, respectively. The contribution of EHD emission for TA phonons is also observed at 1.125 eV though it is very small. The intensity of the nanocavity emission becomes strongest between 1.08-1.09 eV, which agrees with the emission peak of the EHD emission for TO phonons. Thus, these spectra indicate that the emission enhancement by the nanocavity mode is important for the condensation states, especially for EHD emission. These features are quite different from those in the previous report, which indicated the emission enhancement of FE and the surface defect band [47] . We consider that these contrastive results originate from the sample quality or experimental conditions in temperature and excitation power. In the rest of the paper, we focus on the enhanced emission from the condensation states coupled with TO phonon. 4(c) show a temporal PL spectrum at 1.6 ns obtained from Fig. 4(a) . A strong, sharp peak at 1.088 eV with a full-width-at-half-maximum (FWHM) of 3 meV, and a broad background signal with FWHM of 20 meV are observed. The FE peak at 1.100 eV is not seen in the initial time range since the carrier density is too high to form the exciton. We add a temporal PL spectrum obtained from Fig. 4 (b) at 1.6 ns as blue dots with right axis where only the broad peak was observed. It is noted that the PL line shape at position B is almost the same for the background signal observed at position A, though the intensity at position A is 0.6 times smaller. Thus, we assigned the sharp and broad background signals for position A to emission from the 5 th nanocavity mode and to that from PC structures surrounding the cavity, respectively.
B. Time-resolved PL spectroscopy
In order to derive the lifetime for the nanocavity mode emission, we have to distinguish the nanocavity mode signal from the background signal. flat offset level and a sharp cavity mode signal were observed for all the spectra, which proves the validity of this analytical method. The cavity mode gradually increases its intensity from 0 to 0.8 ns, loses its intensity after 0.8 ns, and almost disappears at 4.3 ns. The FWHM, which is determined by the resolution limit of the spectrometer, was ~3 meV for all signals. The cavity mode peak appears at 1.090 eV at 0.3 ns, while it appears at 1.087 eV at 2.7 ns. The shift of 3 meV is probably due to the reduction of refractive index (∼0.27%) caused by optically induced carriers [55, 56] . Figure 4 (e) shows the decay dynamics of the cavity mode signal, which is produced by integrating the spectra in Fig. 4(d) from 1 .085 eV to 1.093 eV; the integration window is shown in gray. Figure 4 (e) shows a single exponential decay with a lifetime of 1.2 ns, which is very short. We would now like to determine whether the short lifetime is caused by the Purcell effect or by the increased k NR . We will also attempt to identify whether the carrier state for the nanocavity mode emission is EHD or EHP.
Next, we analyze the results at position B: Figure 5 (a) shows the temporal PL spectra at various times from 0 to 4.3 ns, obtained from Fig. 4(b) . At 0.3 ns, the broad emission has a peak energy of 1.100 eV and a FWHM of 40 meV. Although the peak energy is the same as that for the FE peak shown in Fig. 2(a) , the emission should not be attributed to FE because of the larger FWHM. At 0.8 ns, the peak width narrows to 30 meV and the peak energy shifts to 1.090 eV with slightly increased intensity. At 1.6 ns, the peak appears at 1.085 eV with a FWHM of 20 meV. After 1.6 ns, the peak intensity decreases without any change of the line shape or the energy. Fig. 4(e) ]. The data show a single exponential decay with a lifetime of 3.2 ns, which is longer than the lifetime for the nanocavity mode of 1.2 ns in Fig. 4(e) . The decreased lifetime at position A is not due to the increase of non-radiative surface recombination, since the number of air holes at position A is smaller than at position B. The increase of the relaxation for momentum conservation law close to the surface is also rejected from the same reason. The transformation process from the EHP to EHD is also not the origin, since it is almost completed in the initial phase before 1.0 ns. Stimulated emission will not be also a suitable explanation because the Q factor of the nanocavity mode used in the experiment is not so high that the number of photons stored into the cavity is larger than one [41, 43] Therefore, we conclude that the shortened lifetime in Fig. 4(e) should be attributed to the Purcell effect.
Finally, we compare the above results with the decay curve obtained at position C in order to estimate the Purcell factor. Figure 6 (a) shows a TRPL image measured at position C, where no photonic pattern is fabricated. The broad PL signal appeared between 1.080 and 1.100 eV. Figure 6(b) shows the temporal PL spectra. The spectral evolution agrees with that for position B presented in Fig. 5(a) . Therefore, the main source of the emission at position C is also EHD after 1.0 ns. 
IV. Discussion
Here, we use the relation for PL recombination rate k = k R + k NR to estimate the Purcell factor for EHD emission. We define the rates for the three positions as follows:
The lifetime of 1.2 ns at position A corresponds to the rate of k A = (1/1.2) × 10 9 . Similarly, k B = (1/3.2) × 10 9 and k C = (1/10) × 10 9 . We assume
Then, the following relation is derived,
The Purcell factor F p is expressed as follows;
Then, the Purcell factor is estimated to be larger than at least 5.2 from (k
k is estimated to be (1/1.2−1/3.2) × 10 9 . Then, the η for EHD at position A is estimated to be probably larger than 0.6 (
), where the situation that the k R is larger than the k NR is achieved. This is surprising because the decrease in the PL lifetimes in nanostructures without surface oxidation has usually been interpreted as an increase in the k NR owing to surface recombination.
It is noticed that the three decay spectra shown in Fig. 4(e), Fig. 5(c) , and Fig. 6(c) are produced by extracting a part of the EHD emission between 1.085−1.093 eV. In addition, we subtract the background emission from the emission at position A, deriving the decay plot shown in Fig. 4(e) . Therefore, we cannot correctly estimate η of the entire emission for the Si nanocavity from these results. The situation where k R is larger than k NR is realized for a part of the photo-excited carrier. The rest of the photo-excited carrier, probably existing outside the cavity mode, appear as the background signal. When we decrease the excitation spot size and the detection area to less than the cavity size, the situation of k R ≥k NR may be observed for the entire emission. However, the experimental results presented in this work strongly suggest a large potential of the Purcell effect in Si nanocavities.
Earlier experiments on similar Si nanocavities at room temperature suggested that the Purcell factor could be from 5 to 10 [44, 45] . Another experiment also indicated that the higher temperature stability of the nanocavity mode emission might arise from an enhanced η due to the Purcell effect [47] . Here, we directly demonstrate the enhanced k R due to Purcell effect for the condensation state of the EHD. Such mechanism would be useful for the development Si emitters. For example, it can be utilized for the pump light source of ultralow-threshold Raman Si laser using the heterostructure high-Q nanocavity [48] .
V. Conclusions
We have demonstrated an enhanced k R for EHD emission in Si nanocavities owing to the Purcell effect.
Experimental results indicate that the Purcell factor can be larger than 5. It should be emphasized that the enhanced k R due to the nanocavity mode is greater than the increased k NR in our Si nanocavities. These findings will stimulate reconsideration of EHD dynamics in Si crystals and nanostructures and the development of Si light emitters. 
